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The structure of the self-assembled monolayers ~SAMs! of n-alkanethiols @CH3(CH2)nSH, n
53 –11, 13–15, 17# on Au~111! has been studied using broad-bandwidth sum frequency generation
spectroscopy. Sum-frequency vibrational spectra show three pronounced CH3 vibrational modes for
all alkanethiol investigated, indicating that the commonly accepted picture that the alkyl chain for
the long-chain alkanethiol SAMs has the all-trans conformation applies even to the short chain
SAMs. The chain-length dependence of the ratio of the intensity for the CH3 symmetric vibrational
mode to that for the CH3 asymmetric mode clearly shows the odd–even effect due to the difference
in the direction of methyl group for SAMs with odd and even n, also supporting that the alkyl chain
of SAMs has the all-trans conformation. An analysis of the vibrational intensities with respect to the
angle between the main axis of the methyl group and the surface normal reveals that the structure
of the alkanethiol SAMs gradually changes with n. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1531098#
I. INTRODUCTION
The structure of self-assembled monolayers ~SAMs! of
alkanethiols on gold has been studied using a number of
methods such as vibrational spectroscopy @infrared ~IR! and
Raman#,1 diffraction ~x-ray, electrons, and He atoms!,2–5 and
scanning probe microscopy.6 It has been demonstrated that
the SAMs form highly oriented and densely packed film
commensurate with the structure of a gold surface. However,
there exist many intriguing features that await further expla-
nation.
The structure of the SAMs is influenced by several fac-
tors such as the attractive force between alkyl chains, the
adsorption site of Au~111! surface where an S atom makes a
covalent Au–S bond, and the surface-S–C angle. For long
chain alkanethiol SAMs on gold, the structure is known to
resemble the crystal structure of bulk odd n-alkanes, suggest-
ing that the van der Waals interaction between alkyl chains
plays a important role in determining the structure.5,7 On the
other hand, with the decreases in n and in the van der Waals
interaction, the structure is expected to become more flex-
ible. Porter et al. found that alkanethiol SAMs with different
chain length on gold fall into two groups at room
temperature.8 The number of methylene unit, n, separating
the two groups was reported to be 5–11 by using several
methods.8 They concluded that in the longer chain length the
SAMs are in a crystallinelike state and in the shorter the
SAMs are in a disordered state, though the details on the
structure were not obtained. Fenter et al. found that the tilt
angle and tilt direction of the alkanethiol are different for the
alkanethiols n<13 and n>15 due to the difference in the
crystal structures by using grazing incidence x-ray diffrac-
tion ~GIXD!.3 They also found that the temperature of phase
transition for n511 alkanethiol SAMs is 50 °C.2 Recently,
we found that there exists a sharp bend in the chain-length-
dependence of the FWHM of the reductive peak for the elec-
trochemical desorption of n-alkanethiols on Au~111! at n
59,9 suggesting a possible phase transition. Despite the pre-
vious reports, it is still unclear how the structure of al-
kanethiol SAMs vary with the chain length.
IR spectroscopy has played a central role in determining
the structure of SAMs on gold.7,8,10–12 By comparing the
intensities of the methylene vibrational modes of alkanethiol
SAMs with those in the bulk phase, both the tilt angle from
surface normal of the alkyl chain and the rotation angle
around its main axis were determined. This method is suit-
able for long-chain alkanethiol SAMs. Although the methyl
vibrational modes of the SAMs can be resolved even in the
short-chain SAMs, no quantitative analysis has been made
regarding the tilt and rotation angles.
Sum frequency generation ~SFG! spectroscopy, which is
one of the second-order nonlinear optical techniques, is a
powerful tool to obtain vibrational spectra at the
interface.13,14 SFG is more sensitive to the orientation of the
methyl group in alkanethiol SAMs than IR because SFG
signal depends not only on cos2u term but also on higher
order terms such as cos6u,15 where u is the methyl angle, that
is, the angle between the main axis of the methyl group and
the surface normal. Furthermore, SFG is selective only to
molecules adsorbed at interfaces because the second-order
susceptibility becomes zero in the media with inversion sym-
metry under the electric dipole approximation.16 Although
the sensitivity to the orientation and the selectivity to mol-
ecules at interfaces can be utilized to infer the orientation of
alkanethiol SAMs on gold,17–19 its potential usefulness has
not yet been fully exploited.
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Broad-bandwidth sum frequency generation ~BBSFG!
spectroscopy20–22 used in the present work is a variation of
SFG, where a spectrum with the bandwidth of fs IR pulses
can be measured.23–28 This advantage eliminates artifacts in
the spectra resulting from the correction of IR pulse intensity
and the alignment of the IR beam in varying IR wavelength,
making BBSFG suitable to a precise analysis of the orienta-
tion of the SAMs.
In the present paper, we report the structure of
n-alkanethiol SAMs on Au~111! studied using BBSFG spec-
troscopy by systematically changing the alkyl-chain length.
The results of SFG spectroscopy will show the existence of
odd–even effects in the wide range of the chain length and
the gradual change in the structure with the decrease in n.
The origin of the change in the structure depending on the
chain length will be discussed in terms of the competitive
interactions of the van der Waals interaction and Au–S inter-
action in determining the structure.
II. EXPERIMENT
A. Materials
n-alkanethiols @CH3(CH2)nSH, n53211, 13–15, 17#
were purchased from Aldrich (n53,9,14,17), Tokyo Kasei
(n54,6,7,10,13,15), and Wako (n55,8,11) and were used
as received. The substrates with alkanethiol SAM on the
Au~111! surface were prepared as described elsewhere.9
Briefly, gold was vapor-evaporated to a freshly cleaved mica
surface, which was subsequently annealed at 530 °C for 8 h.
The formation of Au~111! terraces was confirmed by scan-
ning tunneling microscopy. The substrate was then immersed
into the 1023 mol/L ethanol solution of alkanethiol for more
than 24 h.
B. SFG system
Our system used for BBSFG measurements ~Tokyo In-
struments, Inc.! is similar to that described by Richter et al.22
A Ti:sapphire regeneratively amplified laser system
~CPA2001, Clark-MXR! producing pulses with the wave-
length of 775 nm, the pulse width of 150 fs, the energy of
800 mJ/pulse, and the repetition of 1 kHz, was used. An
optical parametric amplifier ~IR-OPA, Clark-MXR! was
pumped by the pulses from CPA2001, and it generated signal
and idler pulses. At an AgGaS2 crystal, different frequency
mixing of the signal and the idler pulses occurred, and re-
sulted in IR pulses with the central wavenumber of
;2900 cm21. For visible pulses, approximately 10% of the
energy before the pulse compressor in CPA2001 was taken
out from another port. The bandwidth of the output pulses
~duration—150 ps, bandwidth—6 nm, energy—200
mJ/pulse) was compressed by a custom-made bandwidth
compressor using a grating to obtain narrow-bandwidth vis-
ible pulses ~duration—10 ps, bandwidth—12 cm21,
energy—2.5 mJ/pulse). The IR and visible beams were made
coaxial using a dichroic mirror that reflected the visible light
but transmitted the IR light. Both IR and visible pulses were
introduced to the SAM on Au~111! surface at the incident
angle of 60° and overlapped temporally and spatially. The
energy for IR and visible pulses are 1.5 and 2.5 mJ/pulse at
the sample and the bandwidth ;200 and 12 cm21, respec-
tively. All IR and visible pulses as well as analyzed sum-
frequency ~SF! light were p-polarized. The visible light was
separated from the SF light using three dichroic mirrors. The
SF light was dispersed by a Czerny–Turner-type monochro-
mator ~MS7504, SOLAR TII! and detected by a charge-
coupled device ~DU420-BV, Andor! cooled at 280 °C.
The substrates were rinsed with ethanol and dried in air
for a few minutes before the measurements. SFG measure-
ments for a sample was usually made within 40 min after
taking out from the ethanol solution. We confirmed that the
SF signals, both nonresonant and resonant components of the
second-order susceptibility, were stable in this time scale.
Typical time for the SFG signal acquisition was 5 min. The
azimuthal angle dependence of the SF signal intensity
showed that the intensity reached a maximum or a minimum
every 60° turn.29 The dependence indicates that the sub-
strates have C3v symmetry, proving that macroscopically the
SAM-modified gold surface retains the symmetry property
originated from Au~111! surface. All samples were measured
at the azimuthal angle where the signal reached a maximum
signal-to-noise ratio. All measurements were made at 22
61 °C.
III. RESULTS AND DISCUSSION
Figures 1~a! and 2~a! show the sum-frequency vibra-
tional spectra for the pentadecanethiol ~even n) and the
FIG. 1. ~a! Sum-frequency vibrational spectra ~open circle! for pentade-
canethiol (n514) SAM on Au~111! and fitted curves ~full line! using Eq.
~3!; ~b! decomposed broad-bandwidth IR pulses; and ~c! the total second-
order susceptibility, x tot(2) , normalized by xNR(2) . Dotted lines in ~c! are 2877,
2937, 2964 cm21, respectively.
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hexadecanethiol ~odd n) SAMs on the Au~111! surface, re-
spectively. All other spectra for SAMs with different alkyl-
chain lengths for odd and even n we used were similar to
Figs. 2~a! and 1~a!, respectively. In each spectrum, one can
see a broad-bandwidth envelope with three negative peaks
having a narrow-bandwidth. The SF signal of the envelope
can be assigned to the intraband transition of gold that causes
the nonresonant component of the second-order susceptibil-
ity independent of the wavelength in the CH vibrational
region.30,31 The bandwidth of the envelope corresponds to
that of IR pulses. The wavenumbers of the three negative
peaks were 2877, 2937, and 2964 cm21, which can be as-
signed to the CH3 symmetric vibrational mode (r1), Fermi
resonance between r1 and the overtone of the CH3 bending
(rFR1 ), and CH3 asymmetric vibrational mode (r2),
respectively.22 The CH2 symmetric and asymmetric vibra-
tional modes, which should be observed at ;2850 and
;2920 cm21, respectively, in the IR spectroscopy,8 could
not be discerned in the spectra of all the n-alkanethiol SAMs
studied. When the alkyl chain has all-trans conformation, it
is known that the methylene vibrational modes does not ap-
pear in the sum-frequency spectra because of the inversion
symmetry.32 So far, the absence of the methylene vibrational
modes has been confirmed for only long-chain (n
515,17,21) alkanethiol SAMs.17,18,29,32–40 The absence of
the signal at ;2850 and ;2920 cm21 in the present results
clearly indicates that the alkanethiol SAMs have all-trans
conformation irrespective of the chain length.
To determine the magnitude of the vibrational intensities
for the methyl vibrational modes of alkanethiol SAMs, a
curve fitting method was employed using the following
model.18,29,37 The intensity of the SF light, ISF , can be writ-
ten as the product of the intensity of IR and visible pulses,
I ir , Ivis , and the square of the total second-order susceptibil-





(2)u2I irIvis . ~1!
The total susceptibility consists of the sum of the nonreso-
nant component, xNR
(2)
, and the resonant components, xR,n
(2)
,




(2) eifnU2I irIvis , ~2!




, both of which contain the Fresnel coefficients for SF,
IR, and visible light.41 Assuming that I ir can be represented
as the sum of Gaussian functions, Ivis as the delta function,
xNR
(2) as constant, and xR,n
(2) as a Lorentzian function,16,42 one
may write the dependence of ISF as a function of the angular








an expF2 ~v ir2vn!22gn2 G D , ~3!
where an , vn , and gn are the amplitude, the angular fre-
quency, and the bandwidth of the n-th Gaussian function,
respectively, and An , vn , and Gn the amplitude, the angular
frequency, and the bandwidth of the Lorentzian function for
a vibrational mode, n , respectively. It should be noted that




intensity of a mode, Vn , may be defined as the ratio of the
resonant component to the nonresonant component with v ir
5vn , and thus represented as follows:
Vn[UxR,n(2) ~v ir5vn!
xNR
(2) U5An /Gn . ~4!
The curves represented by Eq. ~3! were fitted to the ex-
perimental data. From a preliminary fitting procedure, it was
found to be acceptable in all spectra to fix the values of Gn
and vn . The values of v were fixed to be 2877, 2937, and
2964 cm21, and the values of G to be 4, 6, and 4 cm21 for
r1 , rFR
1
, and r2 modes, respectively. The value of g was also
fixed to 40 cm21 because the envelope curves caused by
broad-bandwidth IR pulses were reproducibly represented as
the sum of the Gaussian function with the g of 40 cm21 at
every ;70 cm21 @Figs. 1~b! and 2~b!#. By using the FWHM
of 94 cm21 (A8 ln 23g) and the theoretical prediction where
the product of the distribution of the time domain and the
angular frequency domain (Dt Dv) is equal to 1.98 for a
hyperbolic secant function,43 the pulse width of IR pulses
can be predicted to be 110 fs. The experimental value, 150
fs, is close but greater than the predicted value, suggesting
that the pulses were slightly dispersed. The multi peaks may
FIG. 2. ~a! Sum-frequency vibrational spectra ~open circle! for hexade-
canethiol (n515) SAM on Au~111! and fitted curves ~full line! using Eq.
~3!; ~b! decomposed broad-bandwidth IR pulses; and ~c! the total second-
order susceptibility, x tot(2) , normalized by xNR(2) . Dotted lines in ~c! are 2877,
2937, 2964 cm21, respectively.
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be due to the multiple phase matching condition in the crys-
tals. The remaining parameters in Eq. ~3! were made variable
in the curve fitting.
With these constraints, theoretical curves well repro-
duced the experimental data with three bands as shown in
Figs. 1~a! and 2~a!. The extracted susceptibilities containing
the resonant components in Figs. 1~c! and 2~c! reveal that the
three negative peaks in the spectra are not simply explained
by the negative interference between the resonant and non-
resonant components, and suggest the derivative shape due
to fn . The values of fn are independent of both the differ-
ence in the modes and in the chain length ~odd or even n)
and determined to be 5.760.3 rad. A small but non-
negligible deviation between the theoretical and experimen-
tal curves was found around ;2855 cm21 in all spectra. In
this region, there are two possible bands that are ascribed to
this deviation. One is the CH2 symmetric vibrational mode
(d1) and the other is the CH2 symmetric vibrational mode
next to methyl group (dv1) which is observed by some
groups in the sum-frequency spectra.37,40,44 Himmelhaus
et al. reported that in the sum-frequency spectra of densely
packed docosanethiol SAMs on polycrystalline gold, the dv
1
mode can be seen while the intensity of d1 mode is not more
than the noise level.37 Thus, we assigned this small feature to
the dv
1 mode. In the following, we will not use this small
signature in the structural analysis because it is too small to
be quantified.
The vibrational intensities, defined by Eq. ~4!, for r1 ,
rFR
1
, and r2 modes are shown in Figs. 3~a!, 3~b!, and 3~c!,
respectively. The values in Fig. 3 were averaged over 4–12
samples. Qualitatively, the intensities of r1 and rFR1 modes
are greater than the intensity of r2 mode in odd n, and
smaller in even n. This feature is well known for the odd–
even effect and agrees with the previous results of IR45,46 and
Raman spectroscopy.47 The difference in the sum-frequency
spectra for nonanethiol and decanethiol SAMs on gold was
also reported.18 Further, the chain-length dependence of the
vibrational intensities shows that there exists a discrete
change for even n between n<8 and n>10. For odd n, one
can see the same feature between n<7 and n>9 though it is
less prominent. Thus, it appears that there are two groups
separated to the short one (n<8) and long one (n>9). Por-
ter et al. found that the two groups exist for alkanethiol
SAMs with a different chain length on gold at room
temperature.8 The number of the methylene unit separating
the two groups was reported to be 5–11.8 Also reported are
n59 from electrochemistry at room temperature,9 and n
511 from GIXD at 50 °C,2 supporting that the number sepa-
rating two groups are n;9 at room temperature.
Comparing the vibrational intensities obtained with the-
oretical predictions, we can estimate the orientation of the
methyl group in the SAMs. To do so, the ratio of V r2 to V r1
was taken to eliminate the nonresonant component stemmed
from a gold surface.48 Using Eq. ~4!, the ratio is represented
as





The resonant components of the susceptibilities caused by
CH3 vibrational modes can be derived using the transforma-
tion of the components of hyperpolarizabilities of a methyl
group, babc , from the molecular system having an abc axis








,TiaT jbTkc.babc , ~6!
where Ns is the number of molecules at interfaces, e0 is the
dielectric constant in vacuum, Tia , T jb , and Tkc are the ia ,
jb , and kc components of the transformation matrix of a
vector from an abc axis to an xyz axis, respectively. The
brackets represent the ensemble average over the orienta-
tional distribution. Here we define these orthogonal axes as
follows: the z axis is the surface normal to the substrate, the
x axis is parallel to the projection of the incident direction of
the pulses to the surface, the c axis is the main axis of the
methyl group parallel to the terminal C–C bond, and the a
axis is parallel to the mirror plane of the methyl group as-
sumed to have C3v symmetry around the c axis. The sub-
FIG. 3. Plots of the vibrational intensities for ~a! r1 , ~b! rFR1 , and ~c! r2
modes vs the number of the methylene unit of alkanethiol, n, for odd ~open
circle! and even ~closed circle! numbers.
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script, i jk in xR,n ,i jk(2) means the contribution to the i compo-
nent of the induced second-order polarization in response to
the j and k components of the electric field of visible and IR
pulses, on the surface. Given that the C6v symmetry of the
ensemble of the methyl groups, which reflects the symmetry
of the first layer of Au~111! surface, and only the z compo-
nent of the electric field of IR pulses being effective on the
surface because of the surface selection rule, the nonvanish-
ing components of all 27 components are xxz and zzz .
The transformation matrix in Eq. ~6! was calculated to




calculation, we took account of the C6v symmetrical rotation
of the methyl groups around the z axis. We also assumed that
the alkyl chain rotates in two opposite directions with the
same magnitude, that is, the two chain model.5,7,45 The
second-order susceptibilities for r1 and r2 modes can then
be represented in terms of the distribution of the methyl

























^cos u2cos 3u&, ~9!
where r5baac /bccc . From Eq. ~9!, xR,r2
(2) is proportional to
^cos u2cos 3u&, and when r is unity, from Eqs. ~7! and ~8!,
xR,r1
(2) is proportional to ^cos u& regardless of xxz or zzz .
Then,
V r2 /V r15DS ^cos u2cos 3u&^cos u& D , ~10!
where D is a proportionality constant including the hyperpo-
larizabilities of a methyl group and the Fresnel coefficients.
Using this equation, we can predict the tendency of the de-
pendence of the ratio V r2 /V r1 on the average orientation of
the methyl groups. Although the exact value of r is not
known, the values have been inferred to be in the range from
1.7 to 3.4.51–56 If the value is greater than unity, the picture
deduced below assuming that r51 would remain to be the
same at least qualitatively.
Figure 4 shows the dependence of V r2 /V r1 on n. The
distinctive difference in the values of V r2 /V r1 for odd and
even n can be seen: in the case of odd n the vibrational
intensity for the r1 mode is greater than that for the r2
mode, and vice versa in the case of even n. This feature again
demonstrates the presence of the odd–even effect as in Fig.
3, but with higher clarity. The odd–even effect seen in the
wide range of the chain length and the monotonous change
in V r2 /V r1 suggests that there is no dramatic change in the
overall structure and in the ordering of alkanethiol SAMs
with n.
Another interesting feature in Fig. 4 is the change in the
ratio for even n while that for odd n is almost the same. With
the decrease in even n, the ratio increases. For example, the
ratio for n54 is 33% greater than that for n514. This fea-
ture should reflect the change in the average orientation of
the methyl groups with n as represented in Eq. ~10!. When
the phase-transition chain length n59 at room temperature
as mentioned in Fig. 3 is accounted, this change may begin
around n59 with the decrease in n due to the phase transi-
tion from an ordered phase to a less-ordered one. There are a
few conceivable reasons that can bring in the change in the
average orientation of the methyl groups. The most probable
one is the change in the overall structure including the alkyl
chain causing the change in the methyl angle, u ~Fig. 6,
later!. Second, the angular distribution of the methyl groups
can vary with n because of the different rigidity of the
SAMs. Third, a certain fraction of the alkanethiol molecules
FIG. 5. Calculated curves of V r2 /V r1 vs the methyl angle from surface
normal, u , when D53.5. Two dotted vertical lines are 27° and 58° for odd
and even n, respectively, predicted from 30° tilt and 50° rotation angles.
Two horizontal lines are the values at 27° and 58°, respectively.
FIG. 4. Plots of the ratio of the vibrational intensity for the r2 mode to that
for the r1 mode, V r2 /V r1 , vs the number of methylene units of alkanethiol,
n, for odd ~open circle! and even ~closed circle! numbers. Two dotted hori-
zontal lines are the predicted values for long-chain alkanethiol SAMs ~see
the text for details!.
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may take the gauche conformation at the terminal methylene
unit depending on n,57 despite the fact that the surface den-
sity of the methyl groups is the same in all SAMs studied.
Other candidates such as the area of the domain size or the
defects seem to be negligible. Hence we will consider the
change in the ratio using Eq. ~10!, first, assuming only the
overall structural change, and later taking account of the an-
gular distribution of the methyl groups and the gauche con-
formation.
When there is no distribution of u , the change in the
ratio in Fig. 4 can be interpreted only in terms of the struc-
tural change with n. Figure 5 shows the predicted curve of
D^cos u2cos 3u&/^cos u& (5D sin2u) from Eq. ~10!. If the
all-trans model is adopted, we can readily calculate the angle
u for odd and even n by using two parameters determining
the structure; the tilt angle of the alkyl chain with respect to
the surface normal, f , and the rotation angle of the alkyl
chain, c . The definitions of f and c for the all-trans con-
formation are drawn in Fig. 6, where the S–C–C and
C–C–C angles are assumed to be 110°. Preceding studies
suggested that f530° and c550° for long-chain al-
kanethiol SAMs on Au~111!.3,4,8,11,45,58–65 The value of c
may be a little greater than 45° which is assumed from an
orthorhombic structure in the two chain model.5,7 However,
this difference does not influence the subsequent analysis.
When f530° and c550°, the values of u in odd and even
n are uodd527° and ueven558°, respectively. In Fig. 5 two
vertical lines represent 27° and 58°, respectively. The pre-
dicted values are 0.21D and 0.72D in the case of odd (27°)
and even (58°), respectively, whereas the experimental val-
ues of V r2 /V r1 are 0.71 and 2.5 for n515 and 14, respec-
tively. When D is assumed to be 3.5, the experimental and
predicted values well agree with each other. Horizontal lines
in Figs. 4 and 5 are the predicted values of the ratio when
D53.5, uodd527°, and ueven558°. These two lines indicate
that this simple prediction satisfactorily explains the overall
structure of long-chain alkanethiol SAMs without assuming
the presence of the angular distribution of methyl groups or
the gauche conformation.
The change in the values in Fig. 4 can be interpreted
using a theoretical curve in Fig. 5. The increase in the
V r2 /V r1 for even n in the short-chain group reflects the in-
crease in ueven while odd n remains unchanged. From this
tendency of the two angles, uodd and ueven , we can recalcu-
late the change in f and c . Figures 7~a! and 7~b! show
contours of uodd and ueven , respectively, depending on f and
c in the all-trans model depicted in Fig. 6. In the contours,
the direction along which the uodd remains invariant while
ueven becomes greater with the decrease in n is indicated as
arrows toward the lower right. Here we assume that f and c
are independent no matter if n is odd or even. With the de-
crease in the chain length, f becomes greater while c
smaller. A structure with increased tilting with reducing n has
been reported previously. The GIXD study reported by
FIG. 6. A schematic view of the all-trans model. f , c , and u are the tilt
angle of the alkyl chain with respect to the surface normal, the rotation angle
around the main axis of the alkyl chain, and the methyl angle, respectively.
FIG. 7. Contour maps for ~a! uodd and ~b! ueven as a function of the tilt angle,
f , and the rotation angle, c , calculated from the all-trans model. The
crosses are the point of 30° tilt and 50° rotation angles. The arrows mean
the direction along which the structure of the alkanethiol SAMs changes
with a decrease in the chain length.
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Fenter et al. indicated that there are two groups for n; n
<13 and n>15, where the structures of alkanethiol SAMs
are different in terms of the tilt angle and the tilt direction.3
Their results show that in the short-chain group the value of
f is 32° –34° while in the long-chain group the value is
30° –31°. The structure has also been shown in the near-edge
x-ray absorption fine structure study; 37° –38° at n511 and
33° at n515.57 Although the obtained values of f depend
on the methods used, the overall tendency is in good agree-
ment with the present results.
We further consider two cases taking account of the dis-
tribution: one is the fraction of the gauche conformation at
the terminal methylene unit, defined as a , and the other is
the angular distribution of the methyl groups. Molecular dy-
namics studies59,62,63,66 showed that the gauche conformation
may exist at the terminal methylene unit in alkanethiol
SAMs on Au~111! at 300 K. They suggested that a is at most
several percent for long-chain alkanethiol SAMs (n512,63
1559,62,66!. This fraction of the gauche conformation is much
lower than that of an isolated alkyl chain ~2.9 kJ mol21
higher than trans conformation67! probably because of the
strong van der Waals interaction between alkyl chains. In-
deed, our sum-frequency spectra do not show the feature of
the chain defect which causes the d1 mode, indicating that
few alkanethiol molecules in the SAMs take the gauche con-
formation.
The distribution function, f (u), for the gauche confor-
mation at the terminal methylene unit can be written in the
superposition form of three delta functions as
f ~u!5~12ag12ag2!d~u2u0!1ag1d~u2ug1!
1ag2d~u2ug2!, ~11!
where u0 is the methyl angle for the all-trans, ug1 and ug2
are two methyl angles for the terminal gauche, and ag1 and
ag2 are the fraction of ug1 and ug2, respectively. Using the
all-trans model with f530° and c550°, u0 , ug1, and ug2
can be calculated to be 27°, 82°, and 119° for odd, and 58°,
97°, and 60° for even, respectively. Assuming that ag1
5ag25a and f and c are invariant, the dependence of the
ratio represented in Eq. ~10! as a function of a was derived.
Figure 8~a! shows the tendency of the ratio with the increase
in a: for odd n, the ratio decreases while it slightly decreases
for even. Since a is inferred to increase with the decrease in
n,57 the tendency shown in Fig. 8~a! does not clearly conform
to the experimental one in Fig. 4.
With respect to the angular distribution of the methyl
groups, the values of f and c are expected to have distribu-
tions, causing the distribution in u . The FWHM of the dis-
tribution of f is reported to be 6° at 300 K in a molecular
dynamics study.63 The distribution of the methyl groups may
be represented in the simple Gaussian form as
f ~u!5sin u exp@24 ln 23$~u2u0!/Du%2# , ~12!
where Du is the FWHM of the distribution of u . Using this
distribution function and Eq. ~10!, the dependence of the
ratio as a function of Du was calculated, and is shown in Fig.
8~b!. When considering the fact that the shorter the chain
length the greater the distribution of the methyl groups due
to the greater flexibility, the tendency in Fig. 8~b! is opposite
to the experimental one in Fig. 4, i.e., for even n the ratio
becomes smaller and for odd n greater with the increase in
Du . The discussion of the average orientation of the methyl
groups is summarized as follows: both the presence of the
gauche conformation and the distribution of the methyl
groups are not likely to be major factors, indicating that the
change in the experimental V r2 /V r1 is due to the change in
f and c .
What remains to be explained is why the short chain
alkanethiol SAMs prefer a more-tilted and less-rotated struc-
ture compared to the long chain. Presumably, with the de-
crease in n, the van der Waals interaction becomes weaker
and the Au–S interaction, which affects surface-S–C angle,
would mainly determine the orientation. In recent first-
principles calculations, there are a few attempts to reveal the
Au–S interaction in alkanethiol SAMs on Au~111! with n
51 –3.68,69 Further first-principles calculations that properly
take account of the van der Waals interaction are required to
elucidate the structure of SAMs with the short chain.
IV. CONCLUSIONS
The present BBSFG spectroscopy study of n-alkanethiol
SAMs on Au~111! with systematically changing the alkyl-
chain length demonstrates that the alkyl chain of the SAMs
have the all-trans conformation regardless of n, and that the
FIG. 8. The dependence of the calculated values of V r2 /V r1 ~a! on the
fraction of the gauche conformation, a , calculated from Eqs. ~10! and ~11!,
and ~b! on the FWHM of the angular distribution of the methyl angle, Du ,
calculated from Eqs. ~10! and ~12!.
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structure of the SAMs varies with n, which is likely to be
related to the phase transition. The analysis of the orientation
of the methyl groups clearly show the structure changes to-
ward more-tilted and less-rotated orientation with the de-
crease in n, which is likely to be due to the weaker van der
Waals interaction in alkanethiol SAMs with the short chain.
The combination of BBSFG that provides reliable spec-
tra with the theoretical analysis of the orientation is powerful
to investigate the structure of SAMs consisting of different
types of thiols such as aromatic-derivatized, alkoxy-
derivatized, and fluorinated thiols, both ex situ and in situ.
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